Abstract: Mach stem formation during outdoor acoustic shock propagation is investigated using spherical oxyacetylene balloons exploded above pavement. The location of the transition point from regular to irregular reflection and the path of the triple point are experimentally resolved using microphone arrays and a high-speed camera. The transition point falls between recent analytical work for weak irregular reflections and an empirical relationship derived from large explosions.
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Introduction
This Letter describes the irregular reflection and Mach stem formation of acoustic shock waves generated by explosions. From Mach's original investigation, 1 regular reflection of a shock wave consists of the incident and reflected shocks that intersect at the reflecting surface, whereas irregular reflections consists of three shocks: the incident shock, a reflected shock, and a Mach stem that travels parallel to the surface. The height of intersection of the three shocks, referred to as the triple point, grows with propagation distance. Subsequent studies by von Neumann 2 and others for steady shocks resulted in a theoretical paradox, 3 where irregular reflections were observed in theoretically disallowed regimes, primarily with shock Mach numbers less than M s ¼ v s =c 0 ¼ 1:47 4 , where v s is the velocity of the shock wave and c 0 is the ambient sound speed. Recent investigations have shown that actual reflections are not as simple as the presence of two or three straight shocks, [4] [5] [6] resulting in various classifications. According to Semenov et al., 7 two types of irregular reflection that could occur in this regime are von Neumann reflection and Mach reflection. Although von Neumann reflections and Mach reflections both form a Mach stem, the interaction of weaker waves in the case of the von Neumann reflection results in a continuous slope between the Mach stem and incident shock wave at the triple point. Mach reflections, on the other hand, have a slope discontinuity between the incident shock and Mach stem at the triple point and a slipstream that trails behind the triple point trajectory.
The irregular reflection of spherical unsteady shocks, such as those generated by an explosion above a flat surface, is more complex because the amplitude of the shock and the angle of incidence, u, both decrease with propagation distance; the former discourages irregular reflection, while the latter encourages it. Generally for the case of an explosion over a rigid surface, regular reflection occurs close to the source, and as the shock propagates outward it transitions to irregular reflection. Although there are no analytical solutions for the transition from regular to irregular reflection, various approaches have been employed. First, the shock has been treated as steady at each propagation point to determine whether a regular or irregular reflection could occur. 3 The validity of this method is in question because of observed hysteresis effects. 8 Second, Baskar et al. 9 recently introduced a critical parameter derived from the nonlinear Khokhlov-Zabolotskaya-Kuznetsov equations to describe the transition of an unsteady shock from regular to different types of irregular reflection: a % 0:85 sin u= ffiffiffiffiffiffiffi M a p in air, where M a ¼ DP=cP 0 is the peak acoustic Mach number calculated from the pressure change across the shock, DP, c is the ratio of specific heats, u is the angle relative to the ground plane, and P 0 is the ambient pressure. However, Karzova et al. 10 experimentally a) Author to whom correspondence should be addressed.
found that for weak shocks generated by spark pulses the transition point did not compare with those predicted by a for all cases. Finally, empirical fits 11, 12 to data from large explosions allow the calculation of Mach stem formation distance, triple point height, and stem overpressure as functions of the distance of the explosion from the reflecting surface (otherwise known as the height-of-burst, or HOB) and equivalent yield in kilotons of TNT (kt TNT). However, given the disparities in scales and type of explosion, the validity of applying these fits to small-scale gaseous explosions approaching the acoustical weak-shock regime is in question.
In this Letter, we describe a regime that has not been previously documented: acoustical and visual observations of irregular reflections of acoustic shocks generated from gaseous explosions whose peak acoustic Mach numbers range from 0:02 < M a < 0:5 and shock Mach numbers from 1:01 < M s < 1:3 at the points of reflection across the angular range 6 < u < 48 . Comparisons are made against both the equivalent HOB empirical fits based on high explosives and the parameter, a, which was derived for lower-amplitude shocks. The transition from regular to irregular reflection for the spherical, unsteady shocks generated by the explosions is found to occur between the scaled empirical relation and the a-based estimates.
Experiment description
Recent related studies have shown that spherical oxyacetylene balloons are reliable sources of weak shock waves 13 and identified the presence of irregular reflections in outdoor measurements. 14 The current experiment, shown in Fig. 1 , is similar to the one conducted in Ref. 14. The x axis is defined as the horizontal range along the propagation line from the point directly below the balloon, and the z axis is the height above the pavement. The 0.685 m diameter balloons, filled with a stoichiometric mix of acetylene and oxygen, were placed in a tripod-mounted metal cradle, with the balloon center at z ¼ 1.8 m. Two PCB pressure probes (models 112A23 and 137B24B) were located on tripods at fixed distances (1.35 and 1.27 m) at about 45 on either side of the x axis at HOB to be used as references. Over the 25 detonations, the mean peak sound pressure levels were 194.2 and 195.6 dB re 20 lPa with standard deviations of 0.35 and 0.50 dB, respectively. The waveforms in this experiment are similar in shape to those shown in Ref. 14 for propagation distances of less than 10 m. A tripod with an array of GRAS 6.35 mm, 46BG pressure microphones attached at z ¼ 0.03, 0.05, 0.10, 0.20, 0.30, 0.91, and 1.83 m was placed at 15 different locations in x throughout the test to scan the length of the propagation line. An additional PCB 112A23 probe was attached to the end of a tripod with an adjustable boom arm to provide additional resolution at areas of interest. To minimize scattering, all probes and microphones were taped to the end of 9.5 mm diameter wooden dowels which extended horizontally from the tripods. Pressure waveforms were recorded using a system comprised of National Instruments PXI-4462 dynamic signal acquisition devices with a sampling frequency of 204.8 kHz. A Kestrel 4500BT weather meter was used to log the ambient temperatures, pressures, humidity, and wind speed and direction for each test. The ambient pressure used in calculating M a was relatively constant at 87 kPa during the experiments and the wind was low enough to be considered negligible.
To visualize the shockwave propagation, a Phantom v1610 high-speed camera operating at 18 002 frames per second recorded 4 separate regions along the propagation line: x ¼ 3.35 to 5.79 m, 2.13 to 4.57 m, 6.10 to 8.53 m, and 9.14 to 11.58 m. In these regions, a 2.4 Â 2.4 m checkerboard backdrop was placed 3.05 m behind the propagation line to provide additional contrast for the camera. The checkerboard squares were fairly large at 4.8 cm on a side, which was chosen for ease of construction. Though the checkerboard was an improvement over the ambient background, especially where the shock crossed over the border between the black and white squares, a smaller checkerboard pattern would have aided in the visualization of the shock. To calibrate the recorded video to physical locations in space for each setup, the backdrop was moved up to the x axis and a still photo was taken. In post processing, the position of the shock is emphasized by subtracting the pixel values of two adjacent frames of the video. These difference images were then converted to gray scale and their histograms readjusted so that all pixels above a certain threshold value were saturated to white and all remaining pixel values were linearly distributed from black to white. A median filter in a 5 Â 5 pixel neighborhood was then applied to reduce noise. Finally, to increase visibility of the shock, a color map varying from deep red to white was used. A clearer visualization would have been achieved if a Schlieren type setup was used, though it would have been complicated to implement in the outdoor setting of this experiment.
Results

Triple point and transition point localization
Displayed in Mm. 1 is a compilation of the processed high speed video from the four regions along the propagation line as well as an explanatory introduction. Microphone positions as well as a cubic fit to estimated triple point positions (as taken from Fig. 3 ) are overlaid on the video. The incident shock can be seen coming in from the left and propagating across the screen with the reflected shock close behind. As the shocks propagate, it is seen that they merge, creating the characteristic "Y" pattern of a Mach stem. The triple point is relatively easy to identify in most of the video, with two exceptions. First, because the camera was hung a short distance above the ground and the backdrop was offset from the propagation line, between 0 z 5 cm the image background is the concrete, with insufficient contrast to extract exact position values for the triple point. Second, beyond x ¼ 9:14 m, the shock strength had decreased sufficiently that even with the image processing, estimation of the triple point via visual methods is less trustworthy. In both of these regions, the visual imagery is regarded as supporting evidence for the acoustic data. Additional shock-like shadows can be seen both ahead of, and behind, the explosion-generated Mach stem, and seem to be propagating along the backdrop or along the ground. Whether these are artifacts of the camera focusing, image processing, or physical surface waves has not been determined. The spatial sampling of the acoustic data gives a more accurate representation of the position of the triple point, based on examining the waveform for the presence of one or two shocks. Identification of two shocks in a given waveform indicates that the incident and reflected waves both reached the microphone at that location, meaning that either a regular reflection occurred or the triple point passed below the microphone. Conversely, a single shock in the waveform signifies that the Mach stem was at least as tall as the microphone height. An illustrative example is given in Fig. 2 . Figures 2(a) and 2(c) show a single frame of the high-speed video with the locations of three 46BG microphones superimposed at x ¼ 4.6 and 6.9 m, respectively. Figures 2(b) and 2(d) show pressure waveform segments for the three microphones at the same locations. As seen in Fig. 2(b) , at z ¼ 0.10 m a single shock is present in the acoustic data, corroborated by the Mach stem passing through the image of Fig. 2(a) . Further, the incident and reflected shocks are both present at z ¼ 0:20 and z ¼ 0:30 m, which is verified by the two unmerged shocks of Fig. 2(a) . Consequently, the position of the triple point can be identified between z ¼ 0.10 and 0.20 m. Figures 2(c) and 2(d) show similar data, but at x ¼ 6.9 m. At this distance, the image in Fig. 2(c) has more uncertainty in the triple point position due to the lower signal strength. However, the acoustic data shown from two closely spaced microphones allow for the identification of the triple point location between z ¼ 0.36 and 0.38 m.
Because the shock amplitudes were consistent between explosions at the reference microphones, the data can be compiled to yield one cross-section of the growth of the triple point along the x -z plane, as shown in Fig. 3 . The blue triangles correspond to microphones that recorded a single shock (Mach stem) while the red triangles correspond to double shock events (incident and reflected). The green dots correspond to estimates of the triple point position as taken from the high-speed video. A cubic polynomial, represented by the dashed black line, was fitted to several points where the vertical resolution of the triple point was within 2.54 cm. These points (x ¼ 2.74, 3.05, 3.66, 6.10, 6.86 11.05, and 16.38 m) are displayed with yellow dots. A cubic fit was chosen in accordance with previous works. 11 The location of the z ¼ 0 crossing is determined to be the transition point from regular to irregular reflection, x 0 : for this experiment, x 0 ¼ 2.56 m 6 0.1 m.
Comparison of transition point to predictions
The empirical equations from Needham require that we scale our experiment to the equivalent problem of a 1 kt of TNT blast at a certain HOB. 11 Multiplying the heat of combustion of acetylene 15 by the number of moles of acetylene in the balloon gives an estimation of the energy released by the explosion. Appropriately scaling the distances by using the equivalent yield of 5.26 Â 10 À7 kt of TNT, the configuration in this experiment corresponds to the equivalent problem of 1 kt TNT exploded with HOB ¼ 227 m. Equation (1) 
Substitution of the scaled HOB results in x N ¼ 2:08 6 0.02 m for our experiment.
To analytically solve for the point of transition from irregular to regular reflection, the peak acoustic pressure for the incident shock wave was plotted as a function of radial distance from the center of the balloon. This was least-squares fit to a curve, then using the geometry of the setup the corresponding radial distances were mapped to specific x-values along the propagation line with corresponding values of u. The acoustic Mach number and the parameter a were subsequently calculated. The derivation in Baskar et al. 9 predicts that the transition from regular to irregular reflection occurs at a ¼ 0.8. However, in Karzova et al., 10 which involved weaker shocks than those here, the transition point was experimentally observed to take place at a ¼ 1:1 60:3 for M a ¼ 0.006 and a ¼ 1:0560:15 for M a ¼ 0.044.
In our experiment, as the shock propagates, the Mach number and the angle of incidence vary and the corresponding values of the critical parameter change from a ¼ 0.9 at x ¼ 0 to a ¼ 0.46 at x ¼ 18 m. Based on the measurement geometry and acoustic data, the transition criterion of a ¼ 0.8 corresponds to a horizontal range of x B ¼ 2:886 0:3 m. The estimated uncertainty stems from applying the peak level variation at the reference probes to the calculation of M a . It should be noted that the observed mean value of the transition criterion in Karzova et al. is greater than the range of a values obtained in our experiment, implying that irregular reflection should be present at the ground directly under the explosion, at x K ¼ 0 m. This is not the case. However, within the noted uncertainty for M a ¼ 0:006, the Mach stem formation distance could occur anywhere from x K ¼ 0 to x K ¼ 2:886 0:3 m, which spans the observed transition range of x 0 ¼ 2.56 60:1.
The observed transition point, x 0 , is similar, but falls between, the locations predicted for lower amplitude sources and the empirical formulas from large explosive yields. The Baskar et al. analytical value a ¼ 0:8 overestimates x 0 , while x N derived from large scale explosions underestimates it. The details of the derivation of the critical parameter provide a clue as to a possible explanation for the overestimation. In Baskar et al., the criterion for a was derived for the transition from regular to von Neumann reflection. However, the reflections observed in this experiment appear to have a slope discontinuity in the shock front, which characterizes a single Mach reflection. This is faintly seen in pane 2 of the high speed video where there is a slope discontinuity at the connection of the incident wave and the Mach stem. Concrete identification of the type of irregular reflection present in this experiment would require a clearer picture of the slope discontinuity as well as require the visualization of a slipstream trailing from the triple point. Evidence of a slipstream is absent in the highspeed video, although it is improbable that the imaging techniques used were sensitive enough to record it.
Concluding discussion
We have observed, through both acoustic data and high-speed video imaging, the transition from regular to irregular reflection of shock waves and Mach stem growth in a regime not previously studied. Although the high-speed video effort was limited by the preliminary nature of our experiment, it provides sufficient evidence to verify the acoustical methods used to localize the triple point position. A previous empirical estimate, 11 derived from explosions several orders of magnitudes greater, underestimate the observed transition point. Conversely, estimates based on an analytical solution, 9 derived for weaker shocks in a regime for von Neumann reflections, overestimates the transition point. Thus, the experimental observations point to the need for additional theoretical work to model these types of irregular reflections. acknowledged for their helpful communications. In addition, Dr. Jeffrey Macedone provided safety training on filling the acetylene-oxygen balloons and input on the combustion. Finally, Jonathon Pendlebury assisted with a preliminary version of the experiment analyzed here.
